Characteristics 
Introduction
Fronts, zones of locally intensified horizontal gradients in water properties, are frequently observed in open ocean, coastal, and inland waters, spanning a broad range of space scales and timescales. Although the history of concerted research effort on fronts is comparatively brief, the potential physical and ecological significance of fronts is now widely appreciated. Mann and Lazier [1996] , for example, discuss physical and biological processes associated with several classes of front. In this paper, we present results from an observational investigation of the velocity field at a moving tidal front in a partially mixed estuary.
Typical characteristics of fronts observed within and near estuaries include relatively small spatial scales, evolution over tidal timescales, and buoyancy effects controlled by salinity variations. Coriolis effects on the dynamics of such smallscale fronts may be expected to be negligible [Garvine, 1979] . Largier [1993] provides an overview of the role of estuarine fronts, while reviews by O'Donnell [1993] , Bowman [1988] , and Simpson and James [1986] highlight the considerable progress that has been made in identifying various mechanisms controlling the formation and maintenance of these fronts. Currently, however, our Copyright 1999 by the American Geophysical Union.
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0148-0227/99/1999JC900117509.00 understanding of frontal-scale structure and dynamics is relatively primitive, and progress is limited by the lack of direct observations of the velocity field.
For estuarine fronts the velocity structure at vertical scales of order 1-10 m and horizontal scales of order 10 to 100 m is of particular interest, lying between regimes controlled at larger scales by basin dimensions and at smaller scales by viscous, dissipative processes. At the intermediate scales, buoyancy and inertial forces are dominant, and these are central to frontal dynamics [McClimans, 1988] . Typically, fronts in estuaries are ephemeral, and often the frontal structure undergoes translation and/or deformation, presenting significant obstacles to observational programs. The problems are exacerbated if, as in some environments, the occurrence of fronts is erratic and in unpredictable locations. Simpson and James [1986] outline some of the difficulties in obtaining near-synoptic maps of scalar properties in frontal systems; velocity observations are potentially even more difficult and correspondingly rare [O'Donnell, 1993] . Instrumentation arrays deployed in innovative configurations by Marmorino and Trump [1996] and O'Donnell [1997] have provided critical velocity information in moving frontal zones, and a characterization of the complex multidimensional, multiple-scale variability in velocity fields associated with various kinds of estuarine fronts appears to be in an early but promising stage of development. Recent observations in the partially mixed James River estuary, a tributary to the Chesapeake Bay, have documented
18,258 BRUBAKER AND SIMPSON: VELOCITY STRUCTURE AT AN ESTUARINE FRONT
News Point (Figure 1 ), which has proved to be a persistera and, to some extent, predictable feature of the region.
Although its structure and motion are variable and complex, the front forms consistently just off Newport News Point when the tidal current over Hampton Flats in early flood converges with the flow i n the deeper channel southwest of the point, which is lower in salinity and still in late ebb. The role of river geometry and tidal phasing in the origin of the front is discussed by Kuo et al. [1990a] . Dye studies in the James reported by Kuo et al. [1988] have established that surface water of the incoming flood current plunges at the front, proceeding upriver beneath a buoyant layer of lower salinity. This, flow structure, salient features of which are indicated schematically in Figure 2 , is characteristic of tidal intrusion fronts, a class of estuarine front which has been reviewed by Largier [1992] and described by Simpson and Nunes [1981] in the context of a much more highly stratified estuary. Similar fronts have also been observed in bar-built estuaries [Largier and Taljaard, 1991] . The James River front has been observed to evolve through several stages as it moves upriver during the first half of the flood phase, with the leading edge frequently exhibiting the characteristic "V" shape reported by Simpson 
Field Experiment
This study is based on shipboard observations, acquired near a moving frontal system in the vicinity of Newport News Point in the James River (Figure 1 
Velocity Field and Stratification
As noted in section 1, the earliest signs of this frontal system usually appear when the flow in the main channel south of Newport News Point is near the end of the ebb phase. On the day of this study, the predicted time of slack before flood at this location was 1447 LT. Observational results summarized here were acquired within the first half of the tidal flood current, during which time there were two separate intervals when a sharply delineated frontal line on the surface was followed upriver. During a transition phase between these two intervals, tracking of the front was interrupted when its identifying visual surface expression broke up, spread, and temporarily disappeared. 
Velocity Gradient Fields
The across-front velocity field u(x,z) measured during transects X5, X7, and X8 (when the front was moving between curves A and B in Figure 1 ) is shown in Figure 6a . This representation illustrates the gross frontal-zone structure of the flow field and indicates qualitatively the patterns of shear and convergence in this velocity component. Now we consider quantitative estimates of gradients in the velocity field near the front, specifically the vertical shear and acrossfront convergence of the across-front velocity, c3u/c3z and -c3u/c3x, respectively, and the across-front shear of the alongfront velocity, c3v/c3x. Correlated with the disappearance and subsequent reappearance of the visible frontal line of material at the surface were changes in the character of boat velocity records (Figure 7) , determined for each transect from ADCP bottomtrack data. Within each transect, constant engine speed was maintained, but significant changes in velocity over the ground were observed, presumably due to the influence of surface currents. For example, approaching the front (t < 0) on downriver crossing X6, the vessel proceeded against a weak opposing current and then slowed relatively abruptly after encountering the much stronger flooding current on the seaward side of the front (t > 0). Similarly, on upriver crossings X5 and X7 the vessel began the transects traveling with the strong current and then slowed at the front. Finite Existence of a sharp foam and debris line and the occurrence of abrupt vessel acceleration may both be associated with across-front convergence at the surface. The coherent presence, disappearance, and reappearance of both observed during this study would be consistent with a temporary disturbance of convergent flow at the surface, while subsurface convergence persisted, at least for a while.
Across-Front

Across-Front Shear of Along-Front Velocity
As with the convergence-type gradients just considered, the strongest variations of the along-front velocity component (v) in the across-front direction were generally concentrated in the frontal zone, as shown by the fields of horizontal shear estimates, Av/Ax, in Figure 6d . From transect X5 to X7 the magnitude of shear across the front had increased by a factor of 2, with the strongest shear at the top of the ADCP profiles. As noted in section 3.2, the sharp foam line broke up shortly after X7, the remnants occupying a zone spanning most of the horizontal extent of the X8 fields. Possible association of the intensified horizontal shear with this disturbance is discussed in section 5.2. In transect X8, unlike X5 and X7, there was a region of strong horizontal shear that did not coincide with the strong convergence. Across-front horizontal shear was also measured by Marmorino and Trump [1996] with high resolution of the shear right at the front, whereas the present study documents the spatial distribution of the shear within the overall frontal zone.
Discussion
Stability of the Stratified Shear Flow
Shear instability (here referring to vertical shear, Ou/Oz) in the stratified layer upriver of the front is a potential mechanism for exchange of, for example, heat, salt, nutrients, or pollutants between the buoyant surface layer and the intruding inflow beneath it. Further, in a laboratory study of the frontal zone of a gravity current, Britter and Simpson [1978] concluded that such mixing across the shear layer between the two fluids is also an important process in determining the dynamics of a gravity current head. To interpret our Ri estimates (Table 1) in the context of Geyer and Smith's [1987] results, the 0.25 threshold is probably more appropriate because our shear measurement interval (100 s) was shorter than the buoyancy period 2•r/N (that is, the minimum internal wave period). Thus our results suggest that shear instability was likely when the front was near stations S5 and S6 but that the shear flow was marginally stable when sampled at station S8. Clearly, many more determinations of Ri, along with a means of detecting the signatures of shear instability, would be required to elucidate the role of this mechanism in tidal intrusion fronts. However, one of the effects of shear instability, according to Geyer and Smith, is that it tends to produce linear profiles of velocity and density, consistent with the measurements reported here (Figures 3 and 5) .
Perturbation at the Surface
The execution of this field study was dependent to a large extent upon locating the moving front visually. Temporary loss of the visual identity took place when the line of collected material marking a sharply defined frontal boundary disintegrated and the existence of a recognizable "front" was no longer apparent on the surface, yet well-defined acrossfront convergence was measured 4-5 m below the surface. The study was interrupted for approximately 30 min until a clear foam line had formed again, providing the sampling guidance to continue the transects.
In this study, we have no information on what had accumulated and then dispersed at the front other than the conspicuous foam, grass, and debris. However, the very near surface waters at estuarine fronts are of particular interest because of the potential for flow convergence to bring about enhanced concentrations of buoyant plankton and pollutants, organic films, and surface-seeking larvae [Mann and Lazier, 1996 To assess the significance of the observed disturbance, further information on the frequency of occurrence of similar events would be required along with detailed velocity and scalar data measured as near to the surface as possible while a cycle of disruption and reestablishment of surface accumulation is in progress. Instrument configurations used by Marmorino and Trump [1996] Marmorino and Trump [1996] , the existence of simultaneous across-front convergence is not included in that analysis, and we may point out that neither is stratification or the vertical variation of Ov/Ox that we observed. However, the basic result that the horizontally sheared flow is unstable to horizontal oscillations with wavelength "long" compared to the width of the shear zone may still apply. In fact, a sinuous appearance to the surface line of the James River front is fairly common and was described explicitly by Marmorino and Trump, but systematic documentation of that attribute was not carried out in the present study. An alternative to shear instability as the cause of the observed disturbance is that the front was adjusting to some flow changes associated with variations in bottom topography as it advanced up the estuary.
Downwe!ling in the Frontal Zone
By continuity, the convergence observed in the acrossfront velocity component at the front must be balanced by divergence in one or both of the other components. This and previous studies of the James River front suggest that in the along-front direction the velocity scale is smaller than that in the across-front direction and the length scale is larger than that in the across-front direction, and dye studies [Kuo et al., 1988] have documented relatively strong downward flow at the front. Thus we assume that Ou/Ox + Ow/Oz = 0 is an adequate approximation of the continuity equation, and we use velocity profiles bracketing the front to make some estimates of w(z), profiles of downwelling or subduction flow, in the frontal zone. Convergence estimates Au/Ax were integrated over the depth range spanned by the usable bins to find a profile of vertical velocity. In order to fix the profile with respect to a known value, namely, the boundary condition w(z=0) -0, it was necessary to estimate the convergence above the shallowest ADCP bin, and vessel velocity records (Figure 7) were used for this purpose.
Resulting profiles of vertical velocity in the frontal zone, based on transects X5, when the front was over the steep bottom slope, and X11, when the front was upestuary over a more gradual slope, are shown in Figure 8 
